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Abstract

CW laser action has been demonstrated on the electronic I * (2p,/ 2) _+ I(2P3/ 2) transition of atomic iodine at 1.315 pIm
from the NCO (a 'A) + I(p 3/2) energy transfer reaction. The stimulated emission was generated in a transverse subsonic
flow device when hydrogen azide, HN3, was injected into a flow of iodine and chlorine atoms. The measured laser output
power was 180 mW. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction first purely chemical laser using fluorine atom com-
bustion technology to initiate lasing in the DF/C0 2

Chemical lasers are devices that derive their popu- system [2]. It was not until 1978 that McDermott and
lation inversions from exothermic chemical reac- co-workers demonstrated the first chemically pumped
tions, whether directly or indirectly, and include electronic transition laser [3,4]. Continuous wave
photochemical-induced bond dissociation, radiative (cw) laser oscillation was achieved on the
recombination of atoms or molecules and energy I*( 2 P1/ 2)-I(2P3/ 2) transition via the ET reaction
transfer (ET) processes. In view of their generally between the oxygen metastable, 02 (a'A), and
efficient conversion of chemical potential into laser a ground state iodine atom, I(2P3/ 2). This che-
radiation, chemical lasers have been sought after for mistry forms the basis of the high-powered Chemical
numerous applications in which lightweight, self- Oxygen Iodine Laser, or COIL, which operates in
contained lasers are utilized. The advent of chemical the near-infrared at 1.315 ýLm with cw power up to
lasers began with experiments conducted by Kasper 40 kW.
and Pimentel in 1965, who successfully demon- Long lived metastables are noted for their impor-
strated lasing on various vibrational levels of HC1 tance as energy carriers in chemical laser media and
obtained by photolysis of H 2/CI 2 mixtures [1]. A identifying suitable electronically excited metasta-
short time thereafter, Cool et al. demonstrated the bles for short wavelength laser utility has been the

focus of extensive work over several decades [5-91.
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Among these are long radiative lifetimes [10,11] and elsewhere [19-21] and only a brief discussion is
efficient gas phase chemical generation [10-13]. In presented here.
fact, following the discovery of the efficient elec- The laser cavity consisted of 5 cm wide times 2
tronic ET between NCO (aWA) and atomic iodine cm high stainless steel duct (cross-sectional area
[14,151, = 10 cm 2) whose inner surfaces were lined with

(2I '2 Teflon ramps and flow shrouds to minimize wall
NCI(a'A) + I p3/ 2) -+ NCI(X X) +I* /PI/2) deactivation and help confine the active gain zone to

(1) a nominal 5 cm length. The resonator mirrors (M1
and M2 in Fig. 1) were 2.54 cm in diameter and

I*(2P,/ 2 ) _* I(2P3/ 2 ) +hv(1.315 lm), (2) were mounted on two 2.54 cm (OD) vacuum tubes
with mirror bellows and micrometers for alignment.

several laboratories have attempted the demonstra- The mirrors were separated by 1.15 m and purged
tion of gain and or lasing on the 1.315 ýLm transition with He during laser operation. The reactor wall
of atomic iodine using this mechanism. In 1992, height (2 cm) and the inside diameter of the mirror
Yang et al. provided evidence of an I * (2P1/ 2)- mount (2 cm) adjoining the mirrors to the vacuum
I(2P3/2) population inversion in a subsonic flow tubes defined the minimum aperture of the cavity.
using chemically generated NCI (a WA) [16] and Laser power measurements were conducted under a
shortly thereafter near threshold laser oscillation was variety of optical resonator conditions. However,
observed in the NCO (a IA)-I* (2Pp /2) system by Ray owing to the potentially small signal gain of the
and Coombe from the pulsed ArF laser photolysis of system, the initial resonator was fitted with two
CIN3 and CH 21 2 [17]. Recently, this laboratory re- symmetric 5 m concave ultra-high finesse cavity
ported for the first time a direct and quantitative mirrors (Research Electro Optics Corp). These mir-
measurement of the population inversion between rors were primarily used to overcome cavity losses
the (2P3/ 2) and (2P,/ 2) states of atomic iodine pro- and confirm the presence of stimulated emission.
duced by energy transfer from NCI (a 'A) [18]. This The high finesse mirrors were characterized by cav-
effort represented a significant milestone in the de- ity-ring-down spectroscopy (Los Gatos Research, Los
velopment of a chemically pumped, all gas phase Gatos, CA) which revealed a high reflectivity of
iodine laser. In continuing our investigation into the 99.998 + 0.001% at 1.32 urm; however, measure-
NCI (a 'A)/I * (2PI/ 2) ET system, we report for the ment of transmission and substrate absorption/
first time an example of continuous wave I * ( 2 P1/ 2 )- scattering losses were not performed. Subsequent to
I(2P3/ 2) laser oscillation resulting from entirely gas the initial laser demonstration, additional power ex-
phase chemical generation. traction experiments were conducted using various

output couplers listed at a nominal 99.9% reflectivity
(CVI, Inc.) and the high finesse back reflector of
99.998% reflectivity. Coarse alignment was obtained

2. Experimental by first superimposing a He:Ne laser beam through
the centerline of the flow reactor and then adjusting

The demonstration of I 1* (2p/ 2)-I(2P3/ 2) laser the resonator mirrors such that reflected beams from
action was performed in a transverse subsonic flow the resonator mirrors are collinear with the reactor
reactor shown in Fig. 1. The essential features centerline. The laser power output was measured
of this apparatus are a dc discharge for F atom with an Ophir power meter (Model PD 300-IR Nova)
production, an axial injector for DCO injection, and for tests in the 0-30 mW range and a Coherent
two side-wall transverse injectors for HI and HN3  meter (Model 210) for powers above 30 mW.
admission into the flow stream. In addition, the The observation of small signal gain on the
apparatus is equipped with sensitive optical diagnos- I(2p3/ 2)-I * (2P1/ 2 ) transition was measured with a
tics for measuring optical gain between the I(2 P3/ 2)- continuously tunable, single-mode 1.315 Rm diode
I * ( 2 p1/ 2 ) states. Experimental details of the gain laser with a spectral line width of less than 500 kHz
measurement and methodology have been described (FWHM) over 30 GHz from 7602.4 to 7603.5 cm-'.
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He He

M1 M2

PM Flow Confinement-i (4) TranverseHN3Shrouds 3
Wall Injector

(2) Axial DCI
(3) Tranverse / - Injector
HI Wall Injector

(1) DC Discharge

Fig. 1. Schematic representation of the subsonic flow device and optical resonator showing (1) dc discharge, (2) axial injector (DCI), (3)
first set of transverse wall injectors (HI), (4) second set of transverse wall injectors (HN3) and (5) flow confinement shrouds. The optical
cavity, consisting of mirrors M1 and M2, is joined to the flow tube by two tubes containing mirror mounts, bellows and micrometers for
alignment. Each tube is purged with He and the out-coupled laser power measured with a power meter (PM).

This performance allows the laser to scan across the double-pass arrangement providing a pathlength of
entire I(2P3/ 2)-I*O(2P/ 2) transition with complete 10 cm.
hyperfine resolution. Since the F(3,4) transition in Fluorine atoms are generated using a 10 kW dc
iodine exhibits the highest gain among the hyperfine discharge (1.75 kW actual power load when running)
lines, it was used to monitor the I( 2P3/ 2) -4 of F2 or NF3 in helium. The pressure in the system
I * (2P1/ 2) gain. The diode laser is operated in a was regulated by flowing N2 1.5 m downstream of
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the reactor cavity through a 3 cm choke orifice. Flow hence, NCI (a 'A) density would be generated via
reactor pressures were measured with calibrated ab- this reaction. However, a recent temperature-depen-
solute capacitance manometers. Reagents introduced dent study on the Cl + HN3 reaction rate coefficient
into the flow stream were measured with either over the 300-500 K range reveals a significant
calibrated mass flow controllers or sonic orifices. temperature dependence with k(T) = 1.2 ± 0.3 X
Hydrogen azide was synthesized by the reaction of 10-'1 T1 / 2 exp(- 1514 ± 93/T) [24]. Using the
molten stearic acid (CH 3(CH 2)16COOH) with 1.315 pRm diode laser, an analysis of the I-atom line
sodium azide (NaN3), under vacuum at 1 10'C. A shape shows a Doppler broadened linewidth that
10:1 molar excess of stearic acid over sodium azide corresponds to an apparent temperature upwards of
was used. The gaseous HN3 was stored as a 10% 650 K. In this regard, a strong enhancement in this
mixture in helium. Helium diluent (Matheson, reaction rate is expected and a sizable portion of N3
99.995%), F2 (Matheson, 20% in He), NF3 (Spectra density is subsequently generated through this reac-
Gas, 99%), DCO (Cambridge Isotopes, 99%), HI tion chemistry. Furthermore, since both the branch-
(Matheson, 99%) were used without further purifica- ing fractions for NCI (a 1A) and I * (2P,1/ 2) in reac-
tion. tions (6) and (7) are reported to exceed 50%, the

The chemical generation of I * (2 1/2) and subse- mechanism described here depicts an efficient gas
quent lasing is based on a sequential process in phase chemical process for the production of NCI
which Cl and I atoms are produced, (a 'A) and I* (2P1/ 2) [12,13,15].
F + DCO - DF + Cl, k 300 K = I X 10-11 cm3/s; Experimentally, the I * (2P,/ 2) inversion density is

obtained by an ordered injection of DCI, followed by

see Ref. [22]; (3) HI and finally HN 3 into the flow reactor. The staging

Cl + (H -- HCl + 1(
2 P ) of this injection sequence is important for the follow-

ing considerations. First, a condition of excess F
k300K = 1.0 X 10-10 cm3/s; see Ref. [23]; (4) atoms must be avoided to eliminate the competing

followed by NCI (a 1A) production, reactions:

Cl + HN3 -HCI(v) + N 3 ,k 300 K F+HN3 -iHF(v) +N 3 1

=1 X 10- 12 cm3/s; seeRef.[24]; (5) k3ooK = 1-1 X 10-10 cm3/s; (9)

Cl + N3 -- NCI(a'A,b ',X 31) + N2(X 1),k 300K

= 2 x 10-11 cm 3/s; seeRefs. [12,13]; k30oK = 5 X 10-11 cm3/s; (10)

(6) F + NCI(a) -4 products,

and finally the ET reaction between NCI (a 'A) and k300 K = 2 X 10-11 cm3/s; see Ref. [13], (11)

I(2p3/2) to generate I * (2P/ 2): [12,15] which ultimately deplete the system of NCO (a'A)
231) * /(2\l production and hence, I * (2p1/ 2). Thus, the DCI flow

NCI(a A) + (p3/ NC(X ) +2 - 2p/ 2), is typically run in two-fold excess over the measured

k300K = 2 X 10-11 cm3/s (7) F atom flow rate. Further, utilizing DCO as a Cl atom
I. (2p, c /2 source is necessary to eliminate the production of

/2) + hv I(2P 3/ 2) + nhv (1.315 lm). HF, which is an effective quencher of I * (2P,/ 2) [25].
(8) Once the F atoms are converted into Cl, the reactions

of Cl with HI and HN3 proceed with production of
The magnitude of these room temperature rate ground state I, NCI(a 'A) and HCI, which is a rela-

coefficients indicate a rapid mechanism for the gen- tively benign quencher of NCI(a 1A) and I * (2p1/ 2).
eration ofNCi (a A) and I * (2p / 2), notwithstanding The injection of HI precedes HN3 in order to
the small room temperature Cl + HN3 rate coeffi- have I(2 P3/ 2) atoms present in the flow stream
cient in reaction (5). Indeed, its value suggests it is when NCI (a 'A) is produced. This minimizes the
rate limiting and that minimal N 3 formation, and bimolecular NCO (a 'A) self-annihilation rate,
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k = 7 X 10-12 cm3/s, a deleterious effect that would The gain measured in Fig. 2 represents the neces-
be considerable at the densities present in these sary but not sufficient condition for laser oscillation.
experiments [26]. The conditions under which laser action will occur

depends on the mirror reflectances; strictly speaking
this is when the gain exceeds or is at least equal to

3. Results and discussion the losses in the resonator. Thus, the immediate goal
is to identify what cavity parameters, specifically

Although F2 has been successfully used to gener- mirror reflectance values, over which power can be
ate gain in this system, the best peak gains were extracted. Considering only the optical losses occur-
obtained when NF3 was used as an F atom source. ring at the mirror ports, the useful power (that is, the
As such, Fig. 2 presents a summary of gain scaling power transmitted to the power meter) is constrained
with respect to various HN3 flows ranging from 2.0 by mirror reflectivity (R), transmittance (T), scatter-
to 5.3 mmol/s for fixed flows of NF3 at 2.4 mmol/s, ing (S) and absorbance (A). Since the scattering-ab-
DCO at 2.0 mmol/s and I-11 at 0.07 mmol/s and a sorption losses and, to a lesser degree, transmission
total pressure of 16 Torr. The data was collected 7 of available laboratory mirrors have not been quanti-
cm downstream from the HN3 injection point, which fled, a rigorous maximization of output power via
is the stream-wise position of maximum gain for the mirror reflectivity was not performed. Nevertheless,
I* (2P1/ 2)-I(2P 3/2) transition. It is not clear as to the outcoupling power of the laser exhibits certain
what the operative mechanism is that facilitates the characteristic features; namely there exists a range of
improved gain with NF3. However, in a previous mirror reflectivities over which power can be ex-
study it was determined that conversion of F2 to F tracted and an optimum reflectivity that determines
atoms in the discharge is incomplete and significant maximum output power. In this regard, the gain
amounts of F2 flow into the reactor cavity [27,28]. measurements obtained here are used to determine
This may result in IF production through the sec- the required range of mirror reflectivities where laser
ondary F + I -* IF reaction which promotes effi- power can be extracted but not necessarily the opti-
cient I * (iP1/ 2) quenching. mum power.

The gain, g, in the active medium when lasing is
present in this analysis is given by

0.025
7 A2 I* (2p/ 1

0.020 HN - 4.4 mmolls HN3 = 5.3 mmolls = 1 8i VO) / 2 )] -

3HN 3 a 4.0 mmolls 13, 2

HN3 = 3.0 mmol/s = 0 3 4 AN (12)
0.010 where A is the wavelength (1.315 ltm), A3,4 is the

0.005 Einstein coefficient (5.08 s-1) and f(v) is the nor-
0 malized line shape function for spectral broadening.

"0.000 In the absence of stimulated emission, the population

.0.005 density of I * (2 p 1/2) and I(2 P 3/2) are not perturbed
0 1000 2000 3000 4oo0 50=0 and Eq. (12) is distinguished by g0 = o'3,4 ([I* (2p

REL. FREQUENCY (MHz) 1/ 2)]0-1/2[ICP 3/2)10), which is the small signal

Fig. 2. A summary of gain scaling with respect to various HN3 gain. Under steady state conditions, where the only
flows ranging from 2.0 to 5.3 mmol/s for fixed flows of NF 3 = 2.4 losses are assumed to be occurring at the mirror
mmol/s, DCO = 2.0 mmol/s, HI = 0.07 mmol/s, and a total output ports, the saturated gain, g, is
pressure of 16 Torr. The He bath gas constitutes 95% of the total - In R1 R2
gas flow. The data was collected 7 cm downstream from the HN3  g (13)
injection point, which is the stream-wise position of maximum 2 L
gain for the IV (eP,1 2)-I(2P 3/2) transition. Under these condi-
tions, the maximum small signal gain, go = 2.1 X 10-4 cm- 1, where R, and R2 are mirror reflectivities and L is
was obtained at an HN 3 flow of 5.3 mmol/s. the cavity path length. This relates the minimum gain
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to the design features of the oscillator. When R = > R > 0.9979, were examined for their effect on
R Wn, the minimum reflectance at threshold, the I and extracting higher laser power.
I * inversion density is unperturbed and g = go and The high finesse optical cavity consisted of two
the laser just begins to oscillate. As the reflectivity is symmetric mirrors (MI and M2 in Fig. 1) with
increased the cavity losses are overcome and the 0.99998 reflectivity at 1.32 pLm and 5 m radius of
output power increases concurrently until a maxi- curvature. The flow reactor and resonator conditions
mum is reached. In the limit as the cavity losses go for demonstrating lasing are tabulated in Trial 1,
to zero, the optimum reflectivity approaches unity Table 1. Evidence of laser action was demonstrated
and the maximum power occurs at zero output cou- by measuring the output power on a calibrated power
pling. However, when R -+ 1 small but finite losses meter. Thus, upon adding HN 3 to a steady stream of
such as a distributed non-saturable loss, diffraction, Cl and I atoms, 3 mW of power was measured per
scattering and mirror absorption can become compa- mirror port for a total of 6 mW. In addition, the
rable to the transmitted power in which case the mode pattern of the laser was easily observed on a
power falls off. near-IR phospor card (1.3 pLm) at a distance of 2 m

The mirror reflectivity, R1, that is required to from the output coupler (MO). In contrast, upon
overcome losses due to threshold laser action is misaligning the cavity or turning off any of the fuels,

the laser power signal was immediately extinguished
R eR" and returned to baseline. The laser run time is typi-

S(14) cally 20-30 s; however, this period of operation
R2

simply was performed only to conserve the HN3
Accordingly, using the maximum go = 2.1 X fuel. Longer run times of up to several minutes are

10-4 cm-1 obtained from Fig. 2, L = 5 cm and possible and are only limited by the storage volume
letting R2 = 0.99998, the minimum reflectivity R, and pressure of our HN3 reservoir (300 L).
required to overcome cavity losses is 0.9979. Simi- In keeping with the measured go and reflectance
larly, allowing R1 = R2 = 0.99998, the minimum range defined above, attempts at extracting more
gain at threshold is 4 x 10-6 cm-1. Consequently, power from the cavity were performed by replacing
the values of R, (taken as Rmin) and R2 (0.99998) the output coupler (MN) with a more transmissive
bound the extractable power to range of mirror trans- mirror. In this vein, two mirrors with vendor quoted
missions, T= 1 - R, between 2 x 10- 5 and 2.1 X nominal reflectance values of 0.998 R (2 m cc) and
10-3. Since this is a very narrow transmission re- 0.999 R (2 m cc) were tested for output power. In an
gion, a resonator was specifically designed with two effort to characterize these mirrors more fully, sev-
ultra-high finesse mirrors in order to confidently eral independent in-house transmission measure-
overcome cavity losses and ensure laser action, but ments were performed on these mirrors using the
not necessarily achieve maximum laser power. Thus, 1.315 pLm gain probe laser. However, no attempt at
once lasing was demonstrated output couplers of specifying the mirror scattering or absorption was
lower nominal reflectivity, within the range 0.99998 performed. For purposes of clarity, the 0.998 R and

Table 1
Flow reactor and resonator conditions for achieving laser action on the I *(

2Pl/ 2)-I( 2P 3/2) transition

Trial Flow reactor conditions Resonator conditions

He NF3  DCL HN 3  HI P Zone HR OC Power
(mmol/s) (mmol/s) (mmol/s) (mmol/s) (mmol/s) (Torr) (cm) (mW)

1 128.80 1.08 2.11 3.16 0.04 15.73 15 0.99998 0.99998 6
2 127.86 1.02 2.20 3.03 0.04 15.61 15 0.99998 0.9988 (I) 19
3 149.78 1.53 2.22 4.36 0.07 14.67 15 0.99998 0.9988 (I) 110
4 141.73 1.51 2.40 4.59 0.07 14.95 15 0.99998 0.9988 (II) 180
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0.999 R mirrors were labeled OC I and OC II, and the subsequent role they play on laser perfor-
respectively. Accordingly, results from these mea- mance.
surements give an average transmisson of 1.2 + 0.1
X 10-3 (R = 0.9988 + 0.0001) for both OC I and
OC II and thus, within experimental uncertainty, Acknowledgements
there is no apparent difference in the reflectance
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